Excess weight gain contributes to increased blood pressure in most patients with essential hypertension. Although the mechanisms of obesity hypertension are not fully understood, increased renal sodium reabsorption and impaired pressure natriuresis play key roles. Several mechanisms contribute to altered kidney function and hypertension in obesity, including activation of the sympathetic nervous system, which appears to be mediated in part by increased levels of the adipocyte-derived hormone leptin, stimulation of pro-opiomelanocortin neurons, and subsequent activation of central nervous system melanocortin 4 receptors.
Excess weight gain contributes to increased blood pressure in most patients with essential hypertension. Although the mechanisms of obesity hypertension are not fully understood, increased renal sodium reabsorption and impaired pressure natriuresis play key roles. Several mechanisms contribute to altered kidney function and hypertension in obesity, including activation of the sympathetic nervous system, which appears to be mediated in part by increased levels of the adipocyte-derived hormone leptin, stimulation of pro-opiomelanocortin neurons, and subsequent activation of central nervous system melanocortin 4 receptors.
The worldwide prevalence of obesity and associated cardiometabolic diseases have increased dramatically in the past 2-3 decades, rapidly becoming major challenges to the health care systems of most industrialized countries. Current estimates indicate that Ͼ1 billion people in the world are overweight or obese (1) . In the United States, at least 65% of adults are overweight, and approximately one-third of adults are obese with a body mass index (defined as kilograms of weight/m 2 of height) of Ͼ30 (2) . In children, the prevalence of obesity has also risen rapidly in parallel with increasing obesity in adults; a recent report indicates that 18.4% of 4-year-old children in the United States are obese, with significantly higher rates of obesity in Hispanic, black, and Native American children (3) .
Associated with obesity is a cascade of metabolic and cardiovascular disorders, including hypertension, a primary mediator of obesity-induced cardiovascular disease. Population studies show that excess weight gain predicts future development of hypertension, and the relationship between body mass index and blood pressure (BP) 2 appears to be nearly linear in diverse populations throughout the world (4) . Some studies suggest that excess weight gain may account for 65-75% of human essential hypertension (5) . Moreover, clinical studies indicate that weight loss is effective in primary prevention of hypertension and in reducing BP in most hypertensive subjects (6) . Although the importance of obesity as a major cause of essential hypertension is well established, the physiological and molecular mechanisms that mediate the BP effects of excess weight gain are only beginning to be elucidated.
Excess Weight Gain Increases Renal Sodium
Reabsorption and Impairs Pressure Natriuresis Table 1 summarizes some of the changes in cardiovascular, neurohormonal, and renal function that occur in obese humans and experimental animals (4, 7, 8) . Notable changes, in addition to increased BP, include increases in cardiac output and heart rate as well as activation of the sympathetic nervous system (SNS) and renin-angiotensin-aldosterone system (RAAS). Rapid weight gain also stimulates renal tubular sodium reabsorption, and obese subjects require higher than normal BP to maintain balance between intake and renal excretion of sodium, indicating impaired renal pressure natriuresis (4) .
Three factors are especially important in increasing renal sodium reabsorption, impairing pressure natriuresis, and causing the initial rise in BP during rapid weight gain: 1) increased SNS activity, 2) activation of the RAAS, and 3) physical compression of the kidneys by fat accumulation within and around the kidneys and by increased abdominal pressure due to accumulation of excess visceral fat. These mechanisms are closely interrelated and interact to raise BP in obese subjects. For example, SNS activation and physical compression of the kidneys both cause activation of the RAAS, and pharmacological blockade of either the RAAS or the SNS attenuates obesityinduced hypertension by at least 50 -60% (7, 8) . When obesity is prolonged over many years, however, renal injury may exacerbate hypertension and make it more difficult to control with antihypertensive drugs (9) . In this minireview, we focus on the SNS, discussing its overall importance and mechanisms of activation in obesity hypertension.
Sympathetic Activation Contributes to Obesity Hypertension
Several observations indicate that increased SNS activity contributes to obesity hypertension (4, 8) . 1) SNS activity, especially renal sympathetic nerve activity (RSNA), is increased in obese subjects; 2) pharmacological blockade of adrenergic activity lowers BP to a greater extent in obese compared with lean subjects; and 3) denervation of the kidneys markedly attenuates sodium retention and hypertension in obese experimental animals.
Administration of ␣-and ␤-adrenergic blockers or clonidine, a drug that stimulates central ␣ 2 -receptors and reduces SNS activity, prevents most of the rise in BP in dogs fed a high fat diet (8) . In obese hypertensive patients, combined ␣-and ␤-adrenergic blockade for 1 month reduced ambulatory BP significantly more than in lean essential hypertensive patients (10) . These findings suggest that increased adrenergic activity contributes to the development and maintenance of obesity hypertension in experimental animals and humans (4, 8) .
The renal sympathetic nerves mediate most, if not all, of the chronic effects of SNS activation on BP in obesity. Bilateral renal denervation greatly attenuates sodium retention and hypertension in obese dogs fed a high fat diet. Thus, obesity increases renal sodium reabsorption and causes hypertension in large part by increasing RSNA (4, 7, 8) .
Differential Activation of Tissue SNS Activity in Obesity and Possible Role of Visceral Adiposity
Obesity does not cause mass activation of the SNS. Instead, increased SNS activity in various tissues is modest and appears to be differentially controlled in obesity. For example, cardiac SNS activity is normal or reduced in obese compared with lean subjects, and increased heart rate is due mainly to decreased parasympathetic activity rather than increased SNS activity (11) . In contrast, SNS activity is increased in the kidneys and skeletal muscles of obese hypertensive subjects (7, 8) . However, obesity-induced increases in SNS activity are mild and not sufficient to cause vasoconstriction of the kidneys or other organs, although they do stimulate renin secretion and increase renal sodium reabsorption (4, 7, 8) .
SNS responses in obesity may also depend on ethnicity and other factors such as fat distribution (8) . In Pima Indians, who have a high prevalence of obesity but a relatively low prevalence of hypertension, muscle SNS activity is lower than in whites and does not track well with adiposity. Black men have higher muscle SNS activity, and hypertension is more prevalent than in white men with comparable levels of obesity. Adiposity is also associated with sympathetic hyperactivity in young overweight black women. Factors such as differences in fat distribution may contribute to some of these variations in SNS responses. For reasons that are still unclear, abdominal obesity elicits much greater SNS activation than does subcutaneous or lower body obesity (12) .
The mechanisms that link visceral obesity and SNS activation in humans have not been widely studied, and in most cases, muscle SNS activity has been measured rather than renal SNS activity, the primary pathway by which the SNS causes chronic hypertension (4, 8) . Because of the heterogeneity in the control of autonomic outflow to different organs, measurements of muscle SNS activity may not reflect RSNA. Thus, additional studies are needed to assess the factors that influence the relationships among visceral obesity, RSNA, and hypertension in different populations.
Mechanisms of SNS Activation in Obesity Hypertension: Role of Leptin
Several mediators of SNS activation in obesity have been suggested, including 1) hyperinsulinemia; 2) angiotensin II; 3) impaired baroreceptor reflexes; 4) activation of chemoreceptor-mediated reflexes associated with sleep apnea; and 5) cytokines released from adipocytes (i.e."adipokines") such as leptin, tumor necrosis factor-␣, and interleukin-6. These mechanisms have been reviewed previously, and there is scant evidence to support cause and effect relationships for most of these factors and obesity-induced SNS activation (8) .
A promising mediator of obesity-induced SNS activation is leptin, a peptide hormone secreted by adipocytes in proportion to the degree of adiposity. Leptin crosses the blood-brain barrier (BBB) via a saturable receptor-mediated transport system (13) . The short form of the leptin receptor (LRa), highly expressed in brain microvessels, is believed to be one of the important transporters (13) . However, other factors modulate leptin transport across the BBB, and in obesity, the efficiency of leptin uptake by the brain is reduced (13) . High levels of triglycerides, which inhibit BBB leptin transport, may at least partially explain this reduced efficiency of leptin transport in obesity, but the mechanisms involved are still uncertain (13) .
Leptin binds to its receptors in various regions of the central nervous system (CNS), including the hypothalamus and brainstem, where it activates neural pathways that decrease appetite and increase SNS activity and energy expenditure ( Fig. 1) (8, 14) . Evidence that leptin is a powerful controller of energy balance comes from studies in mice and humans that demonstrate that missense mutations of the leptin gene or leptin receptor (LR) cause extreme early-onset obesity (15) . However, mutations of the leptin gene in humans are rare, and there is little evidence that LR mutations contribute significantly to excess weight gain in most obese people. Yet, obesity may cause "resistance" to the anorexic effects of leptin, perhaps analogous to obesity-induced resistance to the metabolic effects of insulin (16) . To the extent that resistance to the anorexic effects of leptin occurs in obese subjects, impaired feedback regulation of appetite could perpetuate or amplify weight gain.
Acute and Chronic Effects of Leptin on BP
Acute injections of leptin have little effect on BP despite SNS activation perhaps due in part to counterbalancing vasodilator effects of nitric oxide, which is stimulated by leptin (17) . Also, leptin-mediated increases in SNS activity may not be great enough to cause marked peripheral vasoconstriction and acutely raise BP. 
Insulin resistance
However, chronic increases in plasma leptin, comparable with those found in severe obesity, can raise BP. Leptin-mediated increases in BP occur over a period of several days and are completely abolished by ␣-and ␤-adrenergic blockade, indicating that they are mediated by SNS activation (8, 17) . The fact that the rise in BP occurs slowly during hyperleptinemia suggests that there is not a massive increase in SNS activity capable of causing marked peripheral vasoconstriction; instead, increased adrenergic activity raises BP through slowly acting mechanisms, including its renal effects.
The hypertensive effects of leptin in lean animals are modest but occur despite decreased food intake and weight loss that would otherwise tend to lower BP (8, 17) . Moreover, the chronic hypertensive effects of leptin are greatly exacerbated by reduced NO synthesis, as often occurs in obese subjects with endothelial dysfunction (8, 17) . Thus, increased leptin, comparable with that found in obese subjects, can raise BP by adrenergic activation especially when NO synthesis is impaired.
Further support for a possible role of leptin in linking obesity and hypertension comes from the observation that leptin-deficient mice are not hypertensive despite severe obesity, insulin resistance, and dyslipidemia (18) . Similar results have been found in obese children with leptin gene mutations who have normal BP despite early-onset morbid obesity and many other features of the metabolic syndrome, including insulin resistance and dyslipidemia (19) . These children had decreased rather than increased SNS activity as well as postural hypotension and attenuated RAAS responses to upright posture (19) .
Thus, the functional effects of leptin may be important in linking obesity with SNS activation and hypertension in humans as well as in rodents.
Does Obesity Cause "Selective" Leptin Resistance?
The fact that most obese humans have high circulating leptin and continue to ingest excess calories is consistent with the notion that obesity is associated with resistance to the anorexic effects of leptin. Experimental studies have shown that acute injections of leptin are less effective in suppressing appetite in obese than in lean animals (16) . Although the specific mechanisms of leptin resistance are still unclear, there is evidence for decreased transport of leptin across the BBM and impaired post-receptor signaling in obese compared with lean rodents (16) .
To the extent that obesity induces global leptin resistance, including the SNS response to leptin, the chronic hypertensive effects of leptin would also be attenuated in obese subjects. However, obesity may induce selective leptin resistance, whereby the RSNA responses to leptin are maintained while the appetite suppressant effects of leptin are attenuated (20) . This hypothesis is supported by the finding that increases in RSNA during acute infusion of leptin are preserved in obese rodents, whereas the anorexigenic effects of leptin are attenuated (14, 20) .
Possible Molecular Mechanisms of the Differential Effects of Leptin on Energy Balance and BP
In rodents, there are at least six isoforms of the LR, which are termed LRa to LRf. All of the major known physiological actions of leptin, including regulation of appetite, thermogenesis, and SNS activity, are mediated by activation of the long form of the receptor, LRb (21) .
LRb is a cytokine receptor that activates Jak2 (Janus tyrosine kinase 2) (21, 22) . Jak2 then associates with specific C-terminal domains of the LR, resulting in transphosphorylation of Jak2 and phosphorylation of specific Tyr residues located within the C-terminal domain of LRb (Fig. 1) . In the CNS, LRb-activated Jak2 phosphorylates three Tyr residues and three main signaling pathways: 1) Tyr 1138 , which recruits latent Stat3 (signal transducers and activators of transcription 3) to the LRb-Jak2 complex, resulting in phosphorylation and nuclear translocation of Stat3, where it regulates transcription; 2) IRS2 (insulin receptor substrate 2) phosphorylation, which activates phosphatidylinositol 3-kinase (PI3K); and 3) Tyr 985 phosphorylation, which recruits the tyrosine phosphatase Shp2, which then activates the MAPK pathway.
CNS Stat3 phosphorylation clearly mediates much of the anorexigenic effects of LR activation. Neuron-specific deletion of Stat3 causes hyperphagia and greatly attenuates leptin-mediated appetite suppression (23) . However, to our knowledge, there have been no studies that have assessed the role of Stat3 signaling in mediating leptin-induced increases in RSNA and BP.
The Shp2-MAPK pathway appears to mediate major part of the effects of leptin to stimulate thermogenesis and energy expenditure. Selective deletion of Shp2 in forebrain neurons causes a prominent phenotype that includes early-onset obesity, insulin resistance, and some other characteristics of the metabolic syndrome (24) . Surprisingly, the mutant mice were not hyperphagic, suggesting that forebrain deletion of Shp2 may cause obesity mainly by reducing thermogenesis and metabolic rate. Consistent with this hypothesis, the body temperature of these mice was lower compared with wild-type controls, and thermogenesis was impaired (24) . Whether forebrain Shp2 deletion attenuates the effects of leptin on RSNA activity and BP is unknown, however.
Activation of the IRS2-PI3K pathway may not play a major role in mediating the effects of leptin on energy balance because mice with IRS2 deleted in the entire brain have normal body weight or only mild obesity (25) . However, the IRS2-PI3K pathway may be critical for leptin-mediated increases in RSNA because pharmacological blockade of PI3K almost completely abolishes the acute effects of leptin on RSNA (25) . Further studies are needed, however, to assess the role of the IRS2-PI3K pathway in mediating the chronic effects of leptin on RSNA and BP. Thus, the molecular pathways by which the anorexogenic effects of leptin are attenuated while the effects on SNS activity and BP remain intact in obesity are still poorly understood and remain an important area for further investigation.
Multiple CNS Sites for Leptin-mediated Effects on Energy Balance and BP
Deletion of the LR in the entire brain recapitulates all of the known metabolic phenotypes of leptin-deficient mice, including obesity, hyperphagia, decreased thermogenesis, and impaired glucose homeostasis, indicating that the CNS actions of leptin play a dominant role in mediating its metabolic actions (16) . High levels of LR mRNA and protein are expressed in the forebrain, especially in the ventromedial hypothalamus, arcuate nucleus (ARC), and dorsomedial areas of the hypothalamus, as well as in vasomotor centers of the brainstem (16) .
The effects of leptin on the ARC appear to be important for controlling energy balance but provide only a partial explanation of the role of leptin in body weight regulation because rescue of the LR specifically in the ARC of db/db mice only partially reverses hyperphagia (26) . Also, mice lacking leptin signaling specifically in pro-opiomelanocortin (POMC) neurons are only mildly obese (27) . This suggests that other neuronal populations may contribute to the effects of leptin on body weight regulation.
Supporting this idea is the finding that leptin activates c-Fos and Stat3 at several sites beyond the ARC and POMC neurons, including the paraventricular nucleus (PVN) and the nucleus solitary tract (NTS) of the brainstem (16) . Although the specific functions of each of the CNS centers in mediating the various actions of leptin are largely unknown, studies in which leptin was injected into specific brain regions (e.g. ARC and NTS) suggest differential regulation of appetite and SNS activity (16) . Thus, emerging evidence suggests that LR activation of different intracellular signaling cascades in different CNS centers may provide a basis for the phenomenon of selective leptin resistance and divergent regulation of appetite, energy expenditure, and BP in obesity.
Role of CNS Melanocortins in Mediating Obesity-induced SNS Activation and BP Effects of Leptin
Neurons that express POMC play a major role in regulating energy balance by reducing food intake and stimulating thermogenesis in experimental animals and humans (28, 29) . Located in the ARC of the hypothalamus, these neurons send projections to the PVN and lateral hypothalamus, where they release ␣-melanocyte-stimulating hormone, which in turn activates melanocortin 3 and melanocortin 4 receptors (MC3/4Rs) (Fig. 1) . Other regions of the brain, especially the NTS, also contain POMC neurons and MC3/4Rs, which may be important in regulating energy balance (28, 29) .
Increased food intake and rapid weight gain stimulate POMC neuronal activity and MC3/4R signaling, whereas negative energy balance inactivates POMC neurons and MC3/4R signaling. The importance of this pathway in regulating energy balance and body weight is clearly demonstrated by the observation that defects of POMC neuronal function or MC3/4R signaling cause severe obesity in humans and experimental animals (15) . Mutations of the MC4R have been suggested to be responsible for up to 5% of severe childhood obesity, making this one of the most common single gene disorders known (30) .
Chronic Activation of the CNS POMC-MC3/4R Pathway Causes SNS Activation and Hypertension, whereas Blockade of POMC-MC3/4 Signaling Reduces BP
In addition to regulating energy balance, the CNS POMC-MC3/4R system may be essential for obesity to cause SNS activation and hypertension. Chronic pharmacological activation of CNS MC3/4Rs in rats increases BP while reducing appetite and causing weight loss, effects that would normally decrease BP (31) . Conversely, blockade of CNS MC3/4Rs in rodents causes voracious feeding and rapid weight gain and reduces rather than increases BP (31) . Similarly, mice with MC4R deficiency are hyperphagic and obese and have many features of the metabolic syndrome but are not hypertensive on normal or high salt diets (32) .
The effects of MC3/4R antagonism to lower BP are especially pronounced in spontaneously hypertensive rats (SHRs), a genetic model of hypertension characterized by increased SNS activity (33) . Chronic CNS antagonism of MC3/4Rs caused a much greater reduction in BP in SHRs than in normotensive Sprague-Dawley or Wistar-Kyoto rats despite marked increases in food intake, weight gain, and insulin resistance; the fall in BP in SHRs after MC3/4R blockade was similar to that achieved with ␣-and ␤-adrenergic blockade (33) . These observations suggest that MC3/4R activation may contribute to tonic activation of the SNS and may be necessary for rapid weight gain to increase BP.
A recent study in humans also suggests that MC4R activation may contribute to obesity-induced hypertension. The prevalence of hypertension was markedly lower in MC4R-deficient humans compared with control subjects despite severe obesity and its associated metabolic disorders (34) . Even after exclusion of patients taking antihypertensive medications, BP, heart rate, and 24-h norepinephrine excretion were significantly lower in MC4R-deficient subjects than in control subjects. Moreover, subcutaneous administration of a synthetic MC4R agonist for 7 days increased BP, similar to the responses found in rodents. Thus, in humans as well as in rodents, chronic activation of the MC4R raises BP, and the presence of a functional POMC-MC4R system appears to be necessary for obesity to increase SNS activity and arterial pressure.
Activation of the POMC-MC3/4R Pathway Mediates the Chronic Effects of Leptin on SNS Activation and BP
POMC-containing neurons co-localize with the LR or lie in close proximity to hypothalamic neurons containing the LR (28) . Leptin increases POMC expression in the hypothalamus, resulting in increased production of ␣-melanocyte-stimulating hormone, the endogenous ligand for MC3/4Rs (28) .
Evidence that activation of the POMC-MC3/4R pathway mediates a major part of the BP effects of leptin comes from the observation that LR deletion specifically in POMC neurons abolished the rise in BP, but not anorexia, associated with chronic leptin infusions (35) . Also, pharmacological antagonism of MC3/4Rs completely abolished the effects of leptin to stimulate RSNA (36) and to raise BP (37) .
The BP effects of leptin-POMC activation appear to be mediated mainly by activation of the MC4R rather than the MC3R because chronic leptin infusions did not increase BP in obese MC4R Ϫ/Ϫ mice or in nonobese MC4R Ϫ/Ϫ mice that were pairfed to match the body weight of control wild-type mice; these findings indicate that MC4R deficiency, not obesity-induced leptin resistance, abolished the chronic BP effects of leptin in MC4R Ϫ/Ϫ mice (38) . In contrast, pharmacological blockade of the CNS MC4R did not attenuate the effect of leptin to stimulate brown adipose tissue sympathetic nerve activity, suggesting differential control of brown adipose tissue sympathetic nerve activity and thermogenesis compared with RSNA and BP (36) .
Possible Divergent Control of Cardiovascular Function and Metabolic Functions by the CNS POMC-MC3/4R Pathway
Although the CNS melanocortin system appears to be important in regulating BP, appetite, and thermogenesis, the specific actions of the MC4R located in distinct brain centers is still unclear. The MC4R is a G-protein-coupled receptor that, when stimulated in the brain, appears to exert almost all of its known physiological effects by activating adenylate cyclase and increasing cAMP formation (28) . Therefore, any differential control of cardiovascular and metabolic functions through MC4R activation is probably related to different levels of activation in various areas of the brain.
POMC neurons are located in the forebrain and hindbrain, especially the ARC and the NTS. Expression of the MC4R is especially dense in the PVN, although significant expression of the MC4R is also found in the NTS and the dorsal motor nucleus of the vagus (29) . The PVN is an area of the hypothalamus that is important for control of autonomic function as well as food intake. However, most studies investigating the role of the MC4R in distinct areas of the brain have been performed by acute injection of pharmacological agonists and antagonists. Although these studies provide important information, they are also limited by the specificity and efficacy of the drugs, possible spillover of the drugs to surrounding areas, and physiological relevance when concentrations of agonists greatly exceed the endogenous levels of MC4R stimulation. Also, the acute effects of MC4R activation may not reveal the mechanisms for chronic effects on BP and metabolic functions. Further studies are therefore needed to assess whether physiological activation of the MC4R in different areas of the brain may contribute to independent regulation of BP and energy balance in obesity.
In summary, excess weight gain is a major cause of human essential hypertension. Activation of the SNS plays a key role in increasing renal sodium reabsorption, impairing pressure natriuresis, and raising BP in obese subjects. SNS activation in obesity is mediated in part by increased leptin, stimulation of POMC neurons, and subsequent activation of the MC4R in the CNS. The molecular pathways by which the CNS leptin-melanocortin system differentially regulates energy balance, SNS activity, and BP in obesity are still unclear, however, and remain an important area for further investigation.
